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Proteolytic processing of paramyxovirus fusion (F) proteins is essential for the generation of a mature and
fusogenic form of the F protein. Although many paramyxovirus F proteins are proteolytically processed by the
cellular protease furin at a multibasic cleavage motif, cleavage of the newly emerged Hendra virus F protein
occurs by a previously unidentified cellular protease following a single lysine at residue 109. We demonstrate
here that the cellular protease cathepsin L is involved in converting the Hendra virus precursor F protein (F,)
to the active F, + F, disulfide-linked heterodimer. To initially identify the class of protease involved in Hendra
virus F protein cleavage, Vero cells transfected with pCAGGS-Hendra F or pCAGGS-SV5 F (known to be
proteolytically processed by furin) were metabolically labeled and chased in the absence or presence of serine,
cysteine, aspartyl, and metalloprotease inhibitors. Nonspecific and specific protease inhibitors known to
decrease cathepsin activity inhibited proteolytic processing of Hendra virus F but had no effect on simian virus
5 F processing. We next designed shRNA oligonucleotides to cathepsin L which dramatically reduced cathepsin
L protein expression and enzyme activity. Cathepsin L shRNA-expressing Vero cells transfected with pCAGGS-
Hendra F demonstrated a nondetectable amount of cleavage of the Hendra virus F protein and significantly
decreased membrane fusion activity. Additionally, we found that purified human cathepsin L processed
immunopurified Hendra virus F, into F, and F, fragments. These studies introduce a novel mechanism for
primary proteolytic processing of viral glycoproteins and also suggest a previously unreported biological role

for cathepsin L.

Paramyxoviruses are enveloped, single-stranded, negative-
sense RNA viruses which include a number of major human
pathogens, such as measles virus, mumps virus, human respi-
ratory syncytial virus, and the newly emergent henipaviruses,
namely, Hendra virus and Nipah virus (15). The high mortality
rates associated with henipaviruses, as well as the ability of
these viruses to cause systemic infections in a number of dif-
ferent hosts (12), have resulted in the classification of Hendra
and Nipah viruses as biosafety level 4 agents. Infection by
paramyxoviruses is initiated by fusion between the viral enve-
lope and a cellular membrane (15). This mode of entry is
promoted by the receptor-binding (H, HN, or G) and fusion
(F) viral glycoproteins. Maturation of the paramyxovirus F
proteins to a fusion-active form requires posttranslational pro-
teolytic processing of the F, precursor protein to the F;, + F,
disulfide-linked heterodimer. F proteins of previously charac-
terized paramyxoviruses are activated either by the ubiquitous
proprotein convertase furin at a multibasic cleavage site during
exocytic transport (9) or by a tissue-specific extracellular pro-
tease following a monobasic residue (28). Although Hendra
virus is efficiently propagated in many different cell lines (1,
18), the Hendra virus F protein is not activated by furin or by
an extracellular protease, as intracellular cleavage of this im-
portant viral protein occurs after a single basic residue (18).
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Several recent studies have examined the proteolytic activa-
tion of Hendra virus and the closely related Nipah virus F
proteins. N-terminal sequencing of the F, subunit of Hendra
virus F and Nipah virus F identified residue 110 as the first F,
amino acid, suggesting that cleavage occurs after lysine 109 and
arginine 109, respectively (18, 19). However, since the Hendra
and Nipah viruses are newly discovered, the sequence conser-
vation of the monobasic cleavage motif for henipaviruses re-
mains to be determined. In contrast to the case for other
paramyxoviruses, proteolytic processing of Hendra virus F is
maintained when this basic residue or any of the eight residues
upstream of lysine is either mutated individually or in aggre-
gate (5a). Single amino acid substitutions also did not disrupt
Nipah virus F protein processing (19), suggesting that no single
amino acid immediately upstream of the cleavage site is re-
quired for the cleavage of henipavirus F proteins. Our previous
studies on the proteolytic processing of Hendra virus F dem-
onstrated that cleavage did not require exogenous proteases
and occurred after transport to secretory vesicles (25). Proteo-
lytic activation of Hendra virus F had a decreased Ca®" re-
quirement compared to that for furin-mediated activation, and
cleavage was sensitive to increases in intracellular pH (25).
These studies highlight the fact that proteolytic processing of
Hendra virus F (and Nipah virus F) is different from that of
other viral fusion proteins. The protease responsible for cleav-
age, however, has not previously been determined.

Here we describe the use of protease inhibitors and small
hairpin RNA (shRNA) to identify the protease involved in
proteolytic processing of Hendra virus F. We show that the
endosomal enzyme cathepsin L is able to activate Hendra virus
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F in vitro and that a knockdown of cathepsin L expression and
activity affects cleavage and thus the fusion activity of Hendra
virus F. Therefore, cleavage of the Hendra virus fusion protein
by cathepsin L introduces a novel mechanism for the proteo-
lytic maturation of viral glycoproteins.

MATERIALS AND METHODS

Cell culture and reagents. Vero and BSR (provided by Karl-Klaus Conzelman,
Pettenkofer Institut) cells were maintained in Dulbecco’s modified Eagle’s media
(DMEM; Gibco Invitrogen) containing 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin. Plasmids containing the Hendra virus F and G genes
were provided by Lin-fa Wang (Australian Animal Health Laboratory).
pCAGGS-Hendra F and -Hendra G, as well as antipeptide antibodies to the
Hendra virus F cytoplasmic tail, have been previously described (25). pCAGGS-
SV5 F and antipeptide antibodies to simian virus 5 (SV5) F, (amino acids [aa] 82
to 96) were a kind gift from Robert Lamb (HHMI, Northwestern University).
The protease inhibitors phenylmethylsulfonyl fluoride (PMSF), E-64, and E-64d
were purchased from Sigma, CA-074Me was purchased from Peptides Interna-
tional, and Complete Mini without EDTA protease tablets were purchased from
Roche. The protease inhibitors aprotinin, antipain, chymostatin, GM6001, 1,10-
phenanthroline, calpeptin, PD150606, caspase III, caspase 3 III, MG132, lacta-
cystin, cathepsin I, and cathepsin LIII and human liver cathepsin L were ob-
tained from Calbiochem.

Expression of Hendra virus and SV5 F proteins, metabolic labeling, and
immunoprecipitation. Vero cells were transiently transfected with pCAGGS
expression vectors using the Lipofectamine Plus reagent (25). At 24 h posttrans-
fection, cells were starved in methionine- and cysteine-deficient DMEM for 45
min and then metabolically labeled with Tran®*S label (100 nCi/ml; MP Bio-
medicals) for 30 min. After being washed twice, cells were either immediately
lysed in radioimmunoprecipitation assay buffer containing protease inhibitors
and 20 mM iodoacetamide or incubated for 2 h at 37°C in fresh DMEM in the
absence or presence of specific protease inhibitors before cell lysis. Immunopre-
cipitations were performed (25), and samples were electrophoresed in 15%
reducing polyacrylamide gels (sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis [SDS-PAGE]) and analyzed by storage phosphor autoradiography
on a Typhoon imaging system (Amersham).

Cathepsin L shRNA. Cathepsin L-specific ShRNA oligonucleotides were de-
signed using the Oligoengine toolset. Sense and antisense Cath L98 (GATCCC
CGGCGATGCACAACAGATTATTCAAGAGATAATCTGTTGTGCATCGCC
TTTTTA) and Cath L662 (GATCCCCTGACACCGGCTTTGTGGACTTCAA
GAGAGTCCACAAAGCCGGTGTCATTTTTA) DNA oligonucleotides were
ligated into pSUPER-GFP/Neo and sequenced to confirm the insertion of oli-
gonucleotides (underlined and italicized sequences denote shRNA target re-
gions). pSuper plasmids were transiently transfected into Vero cells as described
above. At 24 h posttransfection, cells were trypsinized, collected in DMEM-10%
FBS, and centrifuged at 1,500 rpm for 5 min at 4°C. Cells were washed twice and
resuspended in a basic sorting buffer (phosphate-buffered saline without Ca**
and Mg?*, 1 mM EDTA, 25 mM HEPES, and 1% FBS; pH 7.2), and green
fluorescent protein (GFP)-expressing cells were sorted from non-GFP-express-
ing cells (MoFlo Dako Cytomation cell sorter). GFP-expressing cells were plated
in 35-mm dishes (5 X 10° cells/dish) in DMEM-10% FBS with 5 mg/ml G418 and
incubated overnight at 37°C in a 5% CO, incubator. The pSuper-Scramble
plasmid (GATCCCCTTCTCCGAACGTGTCACGTTTCAAGAGAACGTGAC
ACGTTCGGAGAATTTTTA), generously provided by Doug Andres (Univer-
sity of Kentucky), was used as a control for all experiments. ShRNA-expressing
cells were analyzed for cathepsin L protein expression and enzyme activity.
pCAGGS-Hendra F, -Hendra G, -SV5 F, and empty vector were expressed in
shRNA-expressing cells by transient transfection using the Lipofectamine 2000
reagent according to Invitrogen’s instructions.

Immunoblot analysis of cathepsin L. shRNA-expressing Vero cells were lysed
as described above and then scraped, and the collected lysate was centrifuged at
13,000 X g for 20 min at 4°C. Five micrograms of total protein was resolved by
15% SDS-PAGE and transferred to a nitrocellulose membrane, and cathepsin L
was detected with rabbit anti-human cathepsin L antisera (Athens Research and
Technology). Equal protein concentrations were determined by the detection of
B-actin with a monoclonal antibody (Sigma).

Cathepsin B and L enzymatic activity assays. siRNA-expressing Vero cells
were washed three times with PBS and lysed in 50 mM Tris (pH 7.4), 150 mM
NaCl, 10% glycerol, and 1% NP-40. Scraped cell lysates were centrifuged at 4°C
for 20 min at 13,000 X g and then placed on ice. InnoZyme cathepsin L and B
activity kits (Calbiochem) were used to measure the enzyme activity of 10 ug of
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FIG. 1. General protease inhibitors do not retard proteolytic pro-
cessing of Hendra virus F. Vero cells transfected with pCAGGS-
Hendra F were metabolically labeled and either lysed immediately (0
h) or chased for 2 h in DMEM in the absence (DMSO) or presence of
a Complete protease tablet (without EDTA), 1 kU aprotinin, 1 mM
PMSF, 100 uM leupeptin, 100 wM antipain, 100 wM chymostatin, 1
uM pepstatin A, 5 uM GM6001, or 0.1 mM 1,10-phenanthroline
(0-Ph). Samples were analyzed by immunoprecipitation, 15% SDS-
PAGE, and the Typhoon imaging system. Positions of uncleaved F,,
and cleaved F, and F, subunits are indicated.

total protein. Fluorescence was measured at excitation and emission wavelengths
of 360 nm and 480 nm, respectively (SpectraMAX Gemini XS; Molecular De-
vices), and analysis was performed using Softmax Pro software. For each sample,
the enzyme activity of triplicate samples was measured in duplicate.

Viral fusion assays. Luciferase T7 control DNA (1 pg), pPCAGGS-Hendra F
(1 pg), and pCAGGS-Hendra G (3 pg) were transfected into shRNA-expressing
Vero cells as described above. At 24 h posttransfection, BSR cells were overlaid
onto the Vero cells and incubated for 3 h at 37°C. Cells were lysed and analyzed
for luciferase activity per the manufacturer’s protocol (Promega). Since Vero
cells lacking shRNA expression plasmids could not be sorted, control back-
ground values for Scramble-expressing Vero cells transfected with pCAGGS-
Hendra G alone were subtracted from the values for Hendra virus F-plus-G-
expressing samples. The luciferase activity of triplicate samples was measured in
duplicate, and the assay was repeated three times.

In vitro cleavage of immunoprecipitated Hendra virus F. Hendra virus F
protein was expressed in Vero cells and metabolically labeled as described above.
To generate uncleaved F product, cells were chased in DMEM at 20°C for 2 h,
lysed, and immunoprecipitated as described above. After the final immunopre-
cipitation wash, 10 nM human cathepsin L (in 50 mM sodium acetate [pH 5.5],
5 mM EDTA, and 2 mM dithiothreitol buffer; Calbiochem) was added to Hendra
virus F-bound protein A-Sepharose and incubated at 37°C for 0 to 8 h. Digestion
reactions were stopped by the addition of 1 mM E-64, and samples were resolved
by 15% SDS-PAGE and analyzed as previously described.

RESULTS

Proteolytic processing of Hendra virus F is not decreased by
general protease inhibitors. To determine the class of protease
involved in processing of the Hendra virus F protein, Vero
cells expressing either the Hendra virus F or SV5 F (known to
be cleaved by Ca**-dependent furin) protein via the pPCAGGS
system were metabolically labeled in the absence or presence
of different protease inhibitors. Immunoprecipitated F pro-
teins were resolved by 15% SDS-PAGE and analyzed by the
Typhoon imaging system. As observed previously, only the
inactive F precursor F, (Fig. 1, lane 1) was observed immedi-
ately after Tran™$S labeling, and F,, was converted to the F, +
F, heterodimer during the 2-h chase period (Fig. 1, lane 2)
(25). Aprotinin and PMSF, representing membrane-imper-
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meant and -permeant serine protease inhibitors, respectively,
did not reduce Hendra virus F cleavage (Fig. 1, lanes 4 and 5).
The impermeant agents leupeptin and antipain and the per-
meant agent chymostatin, inhibitors of trypsin-like serine pro-
teases and some cysteine proteases, similarly did not inhibit
processing of the Hendra virus F proteins (Fig. 1, lanes 6 to 8).
Pepstatin A (Fig. 1, lane 9), a membrane-permeant inhibitor of
aspartic proteases, also did not affect Hendra virus F process-
ing. Tumor necrosis factor alpha-converting enzyme, a zinc-
dependent metalloprotease, was reported to cleave the ectodo-
main of the Ebola virus glycoprotein (GP), resulting in GP
release from the cell surface (6). Despite the suggestion that
tumor necrosis factor alpha-converting enzyme might be in-
volved in Nipah virus F protein processing (19), the addition of
the metalloprotease inhibitors GM6001 and 1,10-phenanthro-
line (Fig. 1, lanes 10 and 11) did not inhibit processing of
Hendra virus F. All of the above inhibitors also do not affect
furin activity, in that cleavage of SV5 F proceeded in the
presence of these inhibitors (21; data not shown). To exclude
the possibility that the inhibitor concentrations were too low,
we examined the effect of 10 times the recommended inhibitor
concentration and found (with the exception of 1,10-phenan-
throline, which was toxic to cells at concentrations of >1 mM)
that the Hendra virus F protein was efficiently processed (data
not shown). Therefore, Hendra virus F was not processed by a
cell surface serine or cysteine protease, as aprotinin, leupeptin,
and antipain did not inhibit cleavage (Fig. 1, lanes 4, 6, and 7).
Similarly, inhibition of intracellular serine, aspartic, and met-
alloproteases did not affect Hendra virus F cleavage (Fig. 1,
lanes 5 and 8 to 11). In contrast, the presence of a Complete
protease tablet (without EDTA) decreased proteolytic pro-
cessing of Hendra virus F (Fig. 1, lane 3). Since each Complete
protease tablet contains a cocktail of serine and cysteine in-
hibitors but other serine protease inhibitors had no effect, we
further examined the role of cysteine proteases on Hendra
virus F processing.

Nonspecific and specific cathepsin inhibitors block process-
ing of Hendra virus F. The general cysteine protease inhibitors
E-64 and E-64d inhibit calpain and cathepsins B, H, and L
(33). While the addition of the membrane-impermeant E-64
had no effect, membrane-permeant E-64d ablated cleavage of
Hendra virus F (Fig. 2A, lanes 3 and 4), indicating that an
intracellular cysteine protease is involved in processing. To
examine the role of calpain in Hendra virus F processing,
calpeptin (an inhibitor of calpain and other cysteine proteases
[32]) and PD150606 (a more specific calpain inhibitor that
binds Ca®*-binding domains of calpain versus the active site
[31]) were added. Calpeptin, but not PD150606, inhibited the
cleavage of Hendra virus F (Fig. 2A, lanes 5 and 6), ruling out
calpain but again pointing to cleavage by a cysteine protease.
Neither the broad-spectrum caspase inhibitor III nor an inhib-
itor of caspases 3, 6, 7, 8, and 10 (caspase 3 inhibitor III)
blocked the cleavage of Hendra virus F (Fig. 2A, lanes 7 and
8). A 1 uM concentration of the reversible proteasome inhib-
itor MG132 significantly reduced the processing of Hendra
virus F (Fig. 2A, lane 9), but the irreversible proteasome in-
hibitor lactacystin had no effect on F cleavage (Fig. 2A, lane
10). MG132, however, has been demonstrated to block cathep-
sin L activity (10). Finally, cleavage of Hendra virus F was
impeded in the presence of a general cathepsin inhibitor (ca-
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FIG. 2. Nonspecific and specific cathepsin inhibitors block Hendra
virus F cleavage. Vero cells expressing pCAGGS-Hendra F (A) or SV5
F (B) were starved, labeled with Tran*S label, and chased for 2 h in
the absence (DMSO) or presence of 10 wM E-64, E-64d, calpeptin,
PD150606, caspase 3 inhibitor III (Casp 3 III) or lactacystin, 1 pM
MG132, 100 uM caspase inhibitor III (Casp III), or 50 uM cathepsin
inhibitor I (Cath I), cathepsin L inhibitor III (Cath LIII), or CA-
074Me. Samples were prepared and analyzed as described in the text.
The positions of the F,, F,, and F, proteins are indicated. All cysteine
protease inhibitors, with the exception of E-64*, are membrane per-
meant.

thepsin inhibitor I [Cath I]) and inhibitors of cathepsin L
(cathepsin L inhibitor IIT [Cath LIII]) and cathepsin B/L (CA-
074Me) (Fig. 2A, lanes 11 to 13) (22). We subsequently veri-
fied that cathepsin L and B enzyme activity in Vero cells was
decreased in the presence of the CA-074Me and Cath LIII
inhibitors (data not shown). Cysteine protease inhibitors and
increasing concentrations thereof did not influence the pro-
cessing of SV5 F (Fig. 2B and data not shown), indicating that
the effects of these inhibitors were specific to Hendra virus F
processing and not due to a nonspecific block on intracellular
trafficking. We further confirmed proper intracellular traffick-
ing of the Hendra virus F protein in the presence of E-64d,
calpeptin, MG132, and cathepsin inhibitors by endoglycosidase
H resistance and cell surface expression (biotinylation assays)
(data not shown). The inhibition of Hendra virus F processing
in the presence of nonspecific and specific cathepsin inhibitors,
together with the sensitivity of Hendra virus F cleavage to
increases in intracellular pH (25), strongly indicates that en-
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dosomal cathepsin proteases are involved in the maturation of
Hendra virus F.

Cathepsin L shRNA suppresses protein and enzyme activity
in Vero cells. Our results indicated that a cysteine cathepsin
protease was likely involved in Hendra virus F processing.
Cathepsins B and L are ubiquitously expressed proteases in the
endosomal/lysosomal pathway and, to date, are the most well-
studied cathepsins (reviewed in reference 17). Cathepsin B
exhibits both carboxydipeptidase and endopeptidase activities
(17). In contrast, cathepsin L displays only endopeptidase ac-
tivity and has been reported to proteolytically process prohor-
mones at both mono- and dibasic residues (11, 17). For these
reasons, we chose to further examine the role of cathepsin L in
the proteolytic maturation of Hendra virus F. Cathepsin L
protein expression and enzyme activity in Vero cells were sup-
pressed by the expression of two shRNA DNA oligonucleo-
tides, Cath L98 and Cath L662, targeted to nucleotides (nt) 98
to 116 and 662 to 680, respectively, of the human cathepsin L
cDNA sequence. Additionally, oligonucleotides with a scram-
ble sequence were included as a control for all assays. Oligo-
nucleotides were cloned into the pSuper expression vector and
transiently transfected into Vero cells. The presence of both
GFP and neomycin selection markers within pSuper permitted
efficient sorting and maintenance of only shRNA-expressing
Vero cells.

Cathepsin L is synthesized as a proprotein (~39 kDa; ProL).
The single-chain form of cathepsin L (~30 kDa; SCL) is gen-
erated following the removal of the prodomain. SCL is further
processed to a double-chain form of the enzyme (~25 and 5
kDa; DCL) (reviewed in reference 13). SCL and DCL are the
mature forms of the protein, although most cell types predom-
inantly harbor DCL (14). An immunoblot of untransfected
Vero cells using anti-cathepsin L antibodies demonstrated a
majority of the DCL form (Fig. 3A, lane 1). DCL and SCL
were identified in Vero cells transfected with pSuper-Scramble
(Fig. 3A, lane 2). At the protein detection level, cathepsin L
was completely suppressed when pSuper-Cath L98 was ex-
pressed in Vero cells (Fig. 3A, lane 3). However, a faint band
corresponding to DCL was visible in Vero cells expressing
pSuper-Cath L662 (Fig. 3A, lane 4). Equivalent amounts of
protein were demonstrated by Western blotting using B-actin
monoclonal antibodies (Fig. 3A, bottom panel).

To confirm the Western blot results, the cathepsin L enzyme
activity in both untransfected and shRNA-expressing Vero
cells was determined (Fig. 3B). Untransfected and pSuper-
Scramble shRNA-expressing cells demonstrated high levels of
cathepsin L activity, although control shRNA-expressing cells
exhibited a lower activity than untransfected cells. Cathepsin L
activity in Cath L98-expressing cells was 10X less than that in
cells expressing Scramble, while Cath L662-expressing cells
maintained a moderate enzyme activity (2.5X less than that
with Scramble), consistent with the immunoblot results. The
cathepsin B activity in Vero cells expressing pSuper-Scramble,
-Cath L98, and -Cath L662 was not significantly different from
that in untransfected cells, indicating that sShRNA reduction of
cathepsin L does not inhibit cathepsin B activity (Fig. 3C).

Suppression of cathepsin L activity inhibits proteolytic pro-
cessing of Hendra virus F and fusion activity. Cath L98- and
Cath L662-expressing Vero cells provide two levels of cathep-
sin L activity with which to study the effect of cathepsin L on
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FIG. 3. Effect of cathepsin L shRNA on protein and enzymatic
activity in Vero cells. (A) Cathepsin L protein expression in untrans-
fected and shRNA-expressing Vero cells. Five micrograms of total cell
extract was subjected to SDS-PAGE and analyzed by Western blotting
with anti-cathepsin L antibodies (top panel) and anti-B-actin mono-
clonal antibodies (bottom panel). The positions of procathepsin L
(ProL), single-chain cathepsin L (SCL), and double-chain cathepsin L
(DCL) are indicated. (B) Cathepsin L enzyme activity levels in un-
transfected and shRNA-expressing Vero cells. (C) Cathepsin B en-
zyme activity levels in untransfected and pSuper-Scramble-, -Cath
L98-, and Cath L662-expressing Vero cells.

the proteolytic processing of Hendra virus F. Twenty-four
hours after cell sorting, shRNA-expressing Vero cells were
transiently transfected with pCAGGS-Hendra F or -SV5 F.
Metabolic labeling and immunoprecipitation were then used to
examine the expression and proteolytic processing of the Hen-
dra virus and SV5 F proteins. In agreement with our earlier
inhibitor data, a shRNA knockdown of cathepsin L did not
influence cleavage of SV5 F by furin (Fig. 4A, lanes 6 to 10).
However, Hendra virus F cleavage was almost completely in-
hibited (Fig. 4A, lane 4) in Cath L98-expressing Vero cells
exhibiting undetectable cathepsin L protein levels and minimal
enzyme activity (Fig. 3A and B). Although only a small amount
of cathepsin L protein expression was observed in cells trans-
fected with pSuper-Cath L662 (Fig. 3, lane 4), the amount of
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FIG. 4. Proteolytic processing of Hendra virus F and membrane
fusion in shRNA-expressing Vero cells. (A) Expression and proteolytic
processing of Hendra virus F and SV5 F in shRNA-expressing Vero
cells were examined by metabolic labeling and immunoprecipitation as
described previously. (B) Luciferase reporter gene assay to examine
the ability of Hendra virus F and G to promote membrane fusion in
shRNA-expressing Vero cells. The results presented are representative
of three separate experiments.

cathepsin L activity (Fig. 3B) remaining was sufficient to pro-
teolytically process Hendra virus F (Fig. 4A, lane 5), though to
areduced extent compared to that in untransfected and Scram-
ble shRNA-expressing cells (Fig. 4A, lanes 2 and 3). These
results strongly argue that cathepsin L is involved in proteolytic
activation of the Hendra virus F protein.

Inhibition of Hendra virus F proteolytic processing clearly
correlates with reductions in cathepsin L activity. We therefore
examined the ability of Hendra virus F to mediate cell-cell
fusion when expressed in Vero cells with shRNA to cathepsin
L using a quantitative luciferase reporter gene assay. sShRNA-
expressing Vero cells were transfected with pCAGGS-Hendra
F, -Hendra G, and a plasmid containing the luciferase gene
under the control of a T7 promoter. These cells were overlaid
with BSR cells expressing the T7 polymerase (2), and lucif-
erase activity was assessed. It should be noted that these target
cells express endogenous cathepsin L. Membrane fusion in
Cath L98 shRNA-expressing cells was significantly debilitated
(Fig. 4B), in agreement with the negligible amount of cleaved
Hendra virus F in these cells. The moderate amounts of Hen-
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FIG. 5. Cathepsin L is able to cleave Hendra virus F;, to F,-plus-F,
heterodimers. Immunopurified uncleaved Hendra virus F was digested
with 10 nM human cathepsin L at 37°C for 2 to 8§ h. An uncleaved
Hendra virus F control sample was incubated in buffer without enzyme
for 8 h at 37°C. Samples were analyzed as described in the other figure
legends. F, F,, and F, are designated by arrows on the right.

dra virus F cleavage observed following expression in Cath
L662-expressing cells was reflected by increased fusion com-
pared that in Cath L98-expressing cells. However, the fusion
activity by Hendra virus F and G in Cath L662-expressing cells
was not equivalent to that in Vero cells expressing pSuper-
Scramble. The importance of cleavage for fusion was further
confirmed by syncytium formation assays. We found that the
size and extent of syncytium formation in Scramble and Cath
L662 shRNA-expressing Vero cells appeared equivalent, but
fewer and smaller syncytia were observed in Cath L.98-express-
ing cells (data not shown). Therefore, suppression of cathepsin
L inhibited the cleavage of Hendra virus F, leading to a loss of
fusogenic activity.

Cathepsin L can cleave immunoprecipitated uncleaved Hen-
dra virus F. Our results indicate that cathepsin L is involved in
the processing of Hendra virus F in cells. To confirm the ability
of cathepsin L to process the Hendra virus F protein, we
examined the ability of purified cathepsin L to cleave Hendra
virus F, to F, and F, subunits. Incubation of Hendra virus
F-transfected Vero cells at 20°C inhibits the budding of secre-
tory vesicles from the frans-Golgi network and restricts Hendra
virus F processing (Fig. 5, lane 3), while cleavage may be
restored by returning cells to 37°C (Fig. 5, lane 4) (25). Un-
cleaved Hendra virus F, generated by metabolic labeling at
20°C followed by immunoprecipitation, was used as a substrate
for in vitro digestion with human cathepsin L. In the absence of
enzyme, no processing of Hendra virus F was observed (Fig. 5,
lane 5). Following a 2-h incubation (Fig. 5, lane 6), cathepsin L
proteolytically processed Hendra virus F, to several products,
including two that corresponded to the F; and F, subunits.
With increasing times of digestion, the amount of F, decreased
and the amount of F, plus F, increased (Fig. 5, lanes 6 to 9).
Recently, proteolytic processing of Ebola virus GP was shown
to require cathepsin B and L to facilitate infection (4). We
found that immunopurified uncleaved Hendra virus F was pro-
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cessed by cathepsin B into multiple bands within 2 hours,
including those corresponding to F, and F,. However longer
incubations resulted in Hendra virus F degradation to nonspe-
cific products (data not shown). Similarly, cathepsin B and L
rapidly digested uncleaved SV5 F to nonspecific products.
Thus, cathepsin L is able to specifically convert the precursor
Hendra virus F, to stable products corresponding to those
present in the fusogenically active F protein.

DISCUSSION

Our data here demonstrate that the endosomal/lysosomal
protease cathepsin L is involved in proteolytic maturation of
the Hendra virus F protein. The incubation of Vero cells ex-
pressing Hendra virus F in the presence of nonspecific and
specific cathepsin inhibitors reduced the cleavage of Hendra
virus F (Fig. 2). shRNA to cathepsin L suppressed cellular
protein levels and enzymatic activity (Fig. 3) and gave dramat-
ically reduced proteolytic processing of the Hendra virus F
protein (Fig. 4A). The low fusogenic activity of Hendra virus F
in shRNA-expressing cells paralleled negligible amounts of
cleaved Hendra virus F (Fig. 4B). Finally, we demonstrated
that purified cathepsin L can digest precursor Hendra virus F,,
to corresponding F, and F, subunits (Fig. 5). These results fit
with our previous characterization of Hendra virus F process-
ing (25), as cathepsin L does not require Ca** but is highly
sensitive to increases in intracellular pH.

Lysosomal cysteine cathepsin proteases historically are
thought of as destructive enzymes involved in the degradation
of intracellular and endocytosed proteins (17). Despite the
adverse association of cathepsin L with tumor metastasis (29)
and osteoporosis (26), cathepsin L plays a number of impor-
tant physiological roles in the cell, including major histocom-
patibility complex class II antigen presentation in cortical ep-
ithelial cells of the thymus (24), epidermal homeostasis (26),
hair differentiation (27), and proteolytic processing of the
CDP/CUX transcription factor (10) and prohormones (34).
Cathepsins have also been reported to affect some viral pro-
cesses. Following receptor-mediated uptake of the nonenvel-
oped reovirus, cathepsins B and L digest the outer capsid
proteins to form infectious subvirion particles which are then
able to enter cells (8). Proteolytic digestion of Ebola virus GP
by endosomal proteases was recently described (4). Viral entry
following a secondary proteolytic event of Ebola GP was de-
scribed to depend primarily upon cathepsin B digestion, with
cathepsin L cleavage augmenting viral entry. Our finding of a
role for cathepsin L in primary proteolytic processing of a viral
glycoprotein suggests a novel activity for this important cellular
protease. Unlike many cellular proteases, cathepsin L has no
distinctive substrate recognition site, although the endopro-
tease is thought to favor hydrophobic amino acids at P2 and P3
sites (reviewed in reference 17). The cleavage of Hendra virus
or Nipah virus F protein is thought to occur after a monobasic
residue in the G-D-V-K/R sequence (18, 19). However, single
mutations of the basic residue as well as of amino acids up-
stream of the cleavage site to alanine failed to eliminate heni-
pavirus F processing (5a, 19). Only when six residues immedi-
ately upstream of arginine 109 in Nipah virus F were deleted
was the cleavage of Nipah virus F ablated (19). These mu-
tagenesis studies therefore demonstrate that no single amino
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acid is essential for processing of these F proteins. The appar-
ent lack of specificity for henipavirus F cleavage aligns with the
absence of a specific cleavage motif for cathepsin L.

Cathepsin L is localized primarily to the endosomal/lysoso-
mal pathway and recently was reported to be in the secretory
granules of the regulated secretory pathway (17, 34). A func-
tional endocytosis motif is present within the cytoplasmic tails
of the Hendra virus and Nipah virus F proteins (17a, 30).
Mutagenesis of this endocytosis motif did not affect the intra-
cellular trafficking of Hendra virus F to the plasma membrane;
however, the rate of endocytosis and proteolytic processing of
Hendra virus F was significantly decreased (17a). This indi-
cates a novel mechanism of proteolytic maturation of Hendra
virus F compared to those of many viral fusion proteins, which
are either processed during exocytic trafficking (e.g., Ebola
virus GP, human immunodeficiency virus gp160, and Lassa
virus GP [16, 20]) or later cleaved by an extracellular protease
(28). We propose that proteolytic processing of Hendra virus F
by cathepsin L occurs during recycling of the F protein be-
tween the endosome and the cell surface and not in the secre-
tory pathway during initial transport to the cell surface. Inter-
estingly, purified Hendra virions are reported to contain both
cleaved and uncleaved fusion proteins (18), suggesting that a
percentage of Hendra virus F protein has undergone at least
one round of recycling prior to budding of the virion from the
cell surface.

The proteolytic processing of Hendra virus F by an endoso-
mal protease and the presence of both uncleaved and cleaved
F proteins on the surfaces of Hendra virions suggest that Hen-
dra virus can utilize several mechanisms of entry. Enveloped
viruses are thought to enter cells by one of two well-charac-
terized pathways (7). The first, pH-independent entry occurs
following fusion of the viral envelope with the plasma mem-
brane. The second pathway requires endocytosis of the virus,
where the low pH in the endosome serves to trigger confor-
mational changes in the fusion protein, which stimulate fusion
of the viral envelope with the endosomal membrane. As with
other members of the paramyxovirus family, the presence of
cleaved F protein on the surfaces of Hendra virions may permit
fusion at the plasma membrane, especially since the Hendra
virus F protein can promote fusion at neutral pH (1, 3). How-
ever, the Hendra virus could also enter cells via the endocytic
pathway, where uncleaved F protein on the virion surface
could be processed by cathepsin L, leading to fusion of the viral
envelope with the endosomal membrane promoted by newly
cleaved F protein. In this case, the pH of the environment
would not be required to trigger membrane fusion, but rather
the acidic environment would allow efficient enzymatic pro-
cessing of the F protein. The potential ability of the virus to
enter cells at the plasma membrane and/or the endocytic sys-
tem would ensure viral infectivity and efficient propagation in
the host. Future experiments examining the role of cathepsin L.
in Hendra virus infection as well as investigations into the
mode(s) of Hendra virus entry will address these important
possibilities.

Hendra virus was first identified as the etiological agent
causing the deaths of 14 horses and 1 human due to severe
respiratory illness during an outbreak in Australia in 1994 (23).
The fatal viral encephalitis outbreak attributed to Nipah virus
in Malaysia in 1999 caused 105 fatalities out of 265 reported
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cases (5). Currently, no antiviral therapies are available. Our
finding that cathepsin L carries out a crucial processing event
on the Hendra virus F protein, combined with knowledge of
the cathepsin L crystal structure, the availability of cathepsin
inhibitors, and studies examining the effectiveness of these
inhibitors on tumor invasion (29) and osteoporosis prevention
(35), suggests the possible use of cathepsin L inhibitors as
therapy for Hendra virus infection.
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